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Abstract 
In previous research, a cryogenic system based on Stirling coolers has been developed. 
In this work, the novel system was applied on CO2 capture from post-combustion flue gas 
and different process parameters (i.e. flow rate of feed gas, temperature of Stirling cooler 
and operating condition) were investigated to obtain the optimal performance (CO2 
recovery and energy consumption). From the extensive experiments, it was concluded that 
the cryogenic system could realize CO2 capture without solvent and pressure drop 
condition. Meanwhile, the results showed that for post-combustion, the novel SC system 
can capture above 80% CO2 from flue gas with 3.4 MJ/kg CO2.  
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1. Introduction 
Due to the issue of greenhouse effect getting more serious, it is of great importance to 
develop an optimal technology for greenhouse gas (GHG) control. Meanwhile, as a main 
part of GHG, CO2 capture and storage (CCS) from large sources, such as coal-fired power 
plants, is considered as a viable approach to reduce GHG emissions. In the foreseeable 
future (up to 2050), most countries around the world, especially emerging countries with 
rich coal resources, will still use fossil energy as their primary energy resource [1]. For 
example, China currently generates 80% of its power by burning coal, while India obtains 
more than two-thirds of its electricity from coal and Germany and the United States use it 
for approximately one-half of their power needs [2]. Nowadays, the main CO2 capture 
technologies are: post-combustion, pre-combustion and oxy-fuel combustion [3].  
Among the technologies for reduction of CO2 emissions, post-combustion technology is 
most likely to be commercialized and used in most existing coal-fired power plant [4]. 
Post-combustion capture: In this case, the CO2 is separated from the flue gas emitted after 
the combustion of fossil fuels (from a standard gas turbine combined cycle or a coal-fired 
steam power plant) [5]. CO2 separation is realized at the relatively high temperature, from a 
gaseous stream at atmospheric pressure and with low CO2 concentration (typically 10-15 
vol.%) [6]. This possibility is by far the most challenging since a diluted, low pressure, hot 
and wet CO2/N2 mixture has to be treated. Although oxy-fuel and pre-combustion 
technologies are studied extensively to be applied into to-be-built power plants, 
post-combustion also corresponds to the most widely applicable option for retrofitting 
existing industrial sectors (e.g. power plants, cement, kiln and steel production) [7,8]. 
Various processes can be envisaged for post-combustion CO2 capture. They are based 
on: 1) Chemical absorption. Nowadays, the dominated solvent used for absorption is 
amines. The advantages of chemical technologies are that can be implemented at 
atmospheric pressure and used to capture low partial pressure CO2 from flue gas in 
coal-fired power plants [9-11]. 2) Physical adsorption. As an alternative technology for 
CO2 capture, two dominant adsorption processes can be available, viz. temperature swing 
adsorption (TSA) and pressure/vacuum swing adsorption (PSA/VSA). Taking the 
advantages of the adsorption processes, a high CO2 purity can be achieved. However, the 
main drawback is low productivity, which results in large adsorbent amount [12-14]. 3) 
Membranes separation. In the past few years, there has been a remarkable development in 
membrane separation for CO2 capture from flue gas. The major interest of membrane 
permeation techniques concerns the possibility to significantly decrease the size of the 
capture installation and environment friendly. The primary limitation for membrane 
techniques is the high capital cost of raw materials. Meanwhile, the energy cost of 
generating the required pressure difference across the membrane is also a key issue [15,16]. 
4) Cryogenic anti-sublimation. Cryogenic CO2 capture techniques can realize CO2 capture 
without the energy penalty of solvent regeneration and pressure drop generation. 
Nevertheless, the cryogenic capture process covers a large range of operating condition 
from normal to supercritical state, and involves multi-components in flue gas (typically as 
CO2, N2, O2, H2O, NOx, and SOx). So far, the current technologies can not satisfy the 
requirements of the commercial application [17-20]. Although the existing  technologies 
such as liquid scrubbing are available for CO2 capture from flue gas, the cost of capture is 
still too high. Cost (capital and operating) becomes the major barrier to the application of 
CO2 capture in power plant and other CO2 emission industry sectors. Therefore, most of the 
researchers focus on improving of CO2 capture efficiency and decreasing the energy 
penalty. The target of energy consumption is as low as possible (around 1 MJ/kg CO2) 
while keeping high CO2 recovery (above 90%) [21]. 
As an alternative technology, previous feasibility studies on the application of cryogenic 
CO2 capture processes for their use in post-combustion processes suggest that principally 
CO2 can be removed from flue gas [22,23]. Although for the past years, this technology 
was not extensively studied due to the expected expensive cooling cost, in fact, the CO2 
capture efficiency (at 1 atmosphere) of the cryogenic capture process can reach 99% at 
-135 °C and 90% at -120 °C [24]. By comparison, most existing processes are not 
reasonably capable of achieving 99% CO2 capture. Moreover, the CO2 captured with a 
cryogenic process has virtually no impurity in it. In 2002, Clodic and Younes [25] 
developed a cryogenic CO2 capture process, where CO2 was desublimated as a solid onto 
surfaces of heat exchangers, which were cooled by evaporating a refrigerants blend. The 
energy requirement of the whole process was in the range of 541 to 1119 kJ/kg CO2 [26], 
which could compete with the other post combustion technologies. Nevertheless, the 
disadvantage of this method is that moisture in feed gas should be removed in order to 
avoid plugging in the system. In addition, the method of taking off the increasing layer of 
dry ice onto heat exchanger surfaces during the capture process was not introduced, which 
would adversely affect the heat transfer and reduce the capture efficiency. In 2010, Tuinier 
et al. [27] exploited a novel cryogenic CO2 capture process using dynamically operated 
packed beds. By the developed process above 99% CO2 can be recovered from a flue gas 
containing 10 vol.% CO2 and 1 vol.% H2O with 1.8 MJ/kg CO2 energy consumption. 
In the previous work, a novel CO2 capture process based on Stirling coolers (SCs) has 
been demonstrated [28]. The aim of this study is to apply the exploited cryogenic system on 
CO2 capture of post-combustion and evaluate the capture performance. To achieve this 
objective, a variation of several parameters has been investigated. The varied parameters 
include: the condition of the capture process, the flow rate of gas stream and the 
temperature of SC-1. Furthermore, a comparison between the novel process and the 
existing post-combustion CO2 capture technologies has also been implemented.  
2. Description of the novel system 
2.1 Cryogenic CO2 capture process 
The schematic of the cryogenic capture process is shown in Fig.1. The main parts 
contain SCs, vacuum pump, freezing tower, camera and control panel. The whole process is 
composed of three stages: refrigeration, capture and storage. 
2.1.1 Refrigeration by SC-1 
Firstly, feed gas is cooled from 25 °C to 0 °C by SC-1 in the pre-freezing tower. At the 
pre-freezing tower, the moisture in feed gas condenses into water by SC-1 and then moves 
through the condenser pipe to the outlet to avoid plugging the vessel, which is the key issue 
of cryogenic separation technology. Meanwhile, the other gas flows into the main-freezing 
tower. 
2.1.2 Capture by SC-2 
In the main-freezing tower, SC-2 provides a cryogenic condition (approximately -100 ~ 
-105 °C), and the flue gas after water removed is cooled down to about -100 °C. In this 
condition, CO2 in flue gas (about 15 vol.%) desublimates into the solid form, which has a 
frost point of -100 °C [29]. Afterwards, the dry ice frosts onto the heat exchanger of SC-2 
immediately. In this way, the capture of CO2 from feed gas is realized. 
2.1.3 Storage by SC-3 
The last step is to store the solid CO2 by SC-3. In this section, by spinning the scraping 
rod on the cooling fin of SC-2 heat exchanger, dry ice falls down to the storage tank, where 
SC-3 provides a cryogenic condition (below -78.5 °C) to prevent it gasifying. On the other 
hand, residual gas exhausts from gas outlet. 
2.2 Numerical model of the frost process 
In order to deepen the understanding of capture characteristic and improve the capture 
efficiency, the CO2 frost formation process was simulated in this section. The process was 
described by a numerical model. The frost formation process involves simultaneous heat 
and mass transfer during varying thermo physical properties. To simplify the complex 
process, some assumptions were employed: 1) Frost layer distribution is homogeneous over 
the cooling fin; 2) The frosting process takes place at a quasi-steady state; 3) Frost thermal 
conductivity of the frost layer varies only with frost density; 4) Radiation heat transfer 
between flue gas and frost layer is negligible. The structure in the main freezing tower and 
the direction of airflow has been described in Fig 2(a), and the temperature distribution in 
the main freezing tower has been simulated in Fig 2(b). The detail description of the 
simulation process can be found in the previous work [28]. 
From the mass balance of frost, the increase of frost layer per unit surface area (Ms) is 
determined from: 
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where mt is the mass flux of CO2 deposition from flue gas to the surface of cooling fin, and 
it can be obtained in terms of: 
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where hm,CO2 is the mass transfer coefficient of solid CO2; ρco2,g and ρco2,s are the densities 
of CO2 in flue gas and frost surface, respectively. Since the CO2 gas is assumed to be an 
ideal gas, ρco2,g and ρco2,s can be calculated from the following equations of states [30]: 
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where ω is the percentage composition of CO2 in flue gas. Tg and Ts are the temperature of 
flue gas and frost surface, severally. Psat,g and Psat,s denote the saturation pressure of CO2 at 
Tg and Ts, respectively, and RCO2 is the gas constant of CO2. In addition, the frost layer 
thickness (δf) on cooling fin surface of SC-2 heat exchanger is calculated as: 
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where ρco2,s is the density of frost layer. 
In order to describe the influence of heat transfer, the effective thermal conductivity of 
frost layer (kf) is introduced, and the heat balance at cooling fin surface of SC-2 heat 
exchanger is determined from: 
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where Q is the total heat flux to the frost layer and is equal to the sum of heat fluxes by 
convection (Qc) and phase change (Qp) as following: 
c pQ Q Q= +                                                       (7) 
The convective heat transfer can be calculated by the equations described by [31]: 
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where hnc and hfc denote the heat transfer coefficients of natural and forced convection, 
respectively. kg is the effective thermal conductivity of the gas stream. Nu is Nusselt 
number, Ra is Rayleigh number, Pr is Prandtl number and Re is Reynolds number. 
The phase-change heat transfer is equal to: 
p tQ m q=                                                         (14) 
where q is the latent heat of sublimation, which has been estimated by [32]: 
62.88 10 195 fq T= × −                                               (15) 
3. Experimental 
3.1 Experiments 
The structure of the whole system is shown in Fig. 3. The detail layout of the apparatus 
has been presented in the previous work [28]. The flue gas of post-combustion was 
simulated by syngas (87% N2 and 13% CO2). Meanwhile, no pollutants in flue gas such as 
SOx and NOx was assumed. 
  In addition, it is noteworthy that the materials selection of structure should be adjusted to 
taking into consideration of the effect on cryogenic performance. The materials used for 
experimental setup are stainless steel. The material of heat transfer heads is copper, which 
has a relative ideal coefficient for heat transfer. The joint between the cold head of SCs and 
freezing tower are wrapped up by thermal insulating materials to reduce heat loss as much 
as possible. Due to some synthetic materials may become ineffective in low temperature 
condition, specific sealing materials and gaskets (low temperature resistant, approximately 
-120 °C) are necessarily required for the pipe fittings to avoid the gas leakage of the 
system. 
3.2 Performance parameters 
  As the key parameters to represent the performance of CO2 capture process, CO2 capture 
efficiency and energy consumption were investigated in this research. According to ideal 
gas equation and definition of density: 
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Hence, the CO2 capture efficiency is defined as: 
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where η is CO2 capture efficiency; ν is flow rate of gas mixture and ω is percentage of CO2 
in gas mixture. In addition, the subscripts in and out represent the state of inlet and outlet, 
respectively. 
The energy consumption (EC) of the cryogenic system for per unit mass CO2 captured is 
defined as following: 
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in which U and I are voltage and current in the system, respectively. νin and νout are the 
volume flow rates of gas mixture at inlet and outlet. 
4. Results and discussion 
4.1 Effect of processing conditions 
4.1.1 Effect of evacuation pressure 
First, the performance of the cryogenic capture process with and without vacuum 
evacuation was investigated. While linked with a vacuum pump, the interlayer vacuum 
degree of the system is approximately 2 hPa (depended on the capacity of vacuum pump, 
Nakamura Seisakusho Co., Ltd.); while without vacuum pump, the pressure is the 
atmosphere (1.01×105 Pa).  
Fig. 4 shows the effect of evacuation pressure on the temperature variation of the process, 
and the results show that the effect of vacuum condition is mainly on the temperature of 
SC-1, and either with or without vacuum pump the temperature of SC-2 and 3 changes a 
little. That can be explained by the fact that due to an existing interlayer in the pre-freezing 
tower, an evacuated condition of the interlayer is conducive to create a thermal insulation 
layer to prevent heat transfer from ambient to inside, and to effectively keep the cryogenic 
condition in the system. Besides, in Fig. 5, when the system is connected with a vacuum 
pump, the energy consumption is lower, and the variation of CO2 recovery is not significant. 
For energy consumption, vacuum condition reduced thermal loss to decrease energy 
penalty. By contrast, since the CO2 capture and storage proceed by SC-2 and 3, the 
evacuation condition had no significant influence on CO2 recovery. 
4.1.2 Effect of operating time 
In this section, the influence of operating time on the performance of the system has been 
investigated. It should be pointed out that operating time of the whole process is comprised 
by two parts, idle operating time and capture time. Hereinto, idle operating time is defined 
as the runtime of the system before flue gas inflow, and its aim is to generate the required 
cryogenic condition (under the frost point of CO2) for the next capture section; capture time 
denotes the working time when the system captures CO2. Since the capture time is a 
constant for different experiments in this research, idle operating time is set as the 
parameter that affects capture performance, and it was set as 3 h, 4 h and 5 h, respectively. 
Besides, the capture time is always 20 minutes. 
According to the experiment of operating time (see Fig. 6), the system performance is 
not improved with increasing the running time straightly. Considering to both capture 
efficiency and energy consumption, the optimal operating time for the system is 4 h (which 
has high capture efficiency and low energy consumption). Thus, for the future test, the 
operating time is selected as 4 h. 
4.2 Effect of flow rate 
In the section, the evolution of the energy consumption and CO2 recovery has been tested 
as a function of flow rate of the flue gas. The flow rate of feed gas was varied to obtain the 
optimum value with minimal energy consumption and maximal CO2 recovery. 
In Fig. 7 and 8, it indicates that as the flow rate of feed gas increases from 1 to 2 L/min, 
energy consumption of the system decreases obviously but CO2 recovery is generally 
consistent. That is due to that the distribution of temperature presents a decline trend from 
the interior to exterior in the main-freezing tower, which has been numerically simulated in 
section 2.2. As a result, the cooling fin of SC-2 has the lowest temperature. Consequently, 
in order to improve capture efficiency, the gas stream should pass through the cold head of 
SC-2 as much as possible. When the flow rate is set as 2 L/min, the volume flux of feed gas 
passed through the cooling fin per second is greater than 1 and 1.5 L/min, and it is lower 
energy consumption for per unit of CO2 captured. Simultaneously, due to the variation flow 
rate (1 to 2 L/min) is moderate, no significant change is found on CO2 recovery. Thus, in 
the case of 2 L/min, the performance of the system is the best among three different flow 
rates. 
4.3 Effect of temperature of SC-1 
Finally, the effect of different temperature of SC-1 on the performance of cryogenic CO2 
capture has also been investigated, and the temperature of SC-1 was varied from -60 °C to 
-20 °C. 
From the result in Fig. 9, when the gas stream flows into the system at the beginning 
stage, the energy consumption of per unit captured CO2 is high. With time passes (after 10 
minutes), the energy penalty decreases and remains stability. Meanwhile, for the same flow 
rate, when the temperature of SC-1 increases from -60 °C to -20 °C, energy consumption 
decreases obviously. It is attributed that the function of SC-1 is to chill the feed gas and 
separate moisture, and this objective can be achieved when the temperature of SC-1 is set 
to -20 °C. Therefore, in the case of -20 °C of SC-1, the energy consumption of the capture 
process is low. For CO2 recovery (shown in Fig. 10), it increases rapidly at the initial 10 
minutes. After that, the rate of growth gradually reduces until equilibrium. That can be 
explained by the fact that at the initial stage of gas inflow, the temperature of the cold head 
is low enough to capture CO2 from flue gas. With time passes, the frosted CO2 on the heat 
exchanger would adversely affect the heat transfer process, and this phenomenon led to the 
decrease of the growing rate of CO2 capture efficiency until to an equilibrium. Under the 
flow rate of 2 L/min and temperature of SC-1 of -20 °C, the CO2 recovery can achieve 85%. 
Through the test of temperature of SC-1, we obtain the conclusion that it is not obviously 
regular for the effect of temperature of SC-1 on capture efficiency, and yet for energy 
consumption, the higher temperature, the lower energy consumption.  
4.4 Comparison with existing CO2 capture technologies 
The capture efficiency and energy penalty of the developed cryogenic CO2 capture 
system was compared to other technologies in this section. Prior to the comparison, it needs 
to be noted that for different technologies the types of requirement energy are also different. 
For amine absorption techniques, two parts of the energy should be considered. One is the 
thermal energy used for solvent regeneration, which dominates the energy penalty of the 
whole process. The other small part is the electrical energy to the operation of the 
installations. For thermal swing adsorption (TSA), the process can be directly heat driven 
through the jacket. For membrane separation, all the energy required is electrical energy to 
generate a pressure drop. For the process in this work, the cryogenic condition and 
operation of the system are both based on the electrical energy consumption. In addition, 
for the mentioned technologies, the compression energy of CO2 transport and storage 
should also be considered. As a consequence, in order to make a significant comparison, the 
capital investment and capture condition are primarily investigated. The details of the 
comparison are listed in Table 1. The results indicate that the capital investment and energy 
penalty of the membrane process is the highest among the technologies, which is due to its 
expensive material and energy requirement for permeation under the flue gas condition. By 
contrast, the present cryogenic capture system can effectively reduce the energy penalty of 
CO2 capture with a recovery above 80%. It indicates that as a promising process for CO2 
capture, the novel system based on SCs is worth investigating. 
5. Conclusions 
In this work, the performance of the cryogenic CO2 capture system based on SCs has 
been evaluated. The effect of parameters (such as flow rate, temperature, vacuum condition 
and operating time) on capture efficiency and energy consumption were investigated. 
According to the evaluation results, the conclusions can be summarized as follows: 
(1) Operating conditions (vacuum condition of the interlayer, operating time of the 
installation, flow rate of gas stream and temperature of SC-1) dramatically 
influence the capture efficiency and energy consumption of the novel cryogenic 
CO2 capture system. Experimental results show that under the condition (with a 
vacuum pump, idle operating time of 4 h, flow rate of 2 L/min and temperature of 
SC-1 of -20 °C), the global process accomplishes 85% CO2 recovery with 3.4 
MJ/kg CO2 consumption. 
(2) Compared to the existing technologies, the novel cryogenic CO2 capture process 
based on Stirling coolers is a promising alternative. The main advantage of the 
system is to realize CO2 capture at atmosphere pressure and avoid the regeneration 
of solvent and energy penalty of pressure drop. Moreover, small-scale installation 
and environment friendly are also competitive. However, there still have several 
drawbacks that need to overcome for the novel SC based process. First, it takes a 
long idle operating time for the required cryogenic condition. Second, the frost 
layer of captured CO2 will adversely affect the heat transfer and reduce the overall 
efficiency. 
(3) In the future work, the improvement of the cryogenic CO2 capture system will be 
implemented through retrofitting the equipment and enhancing thermal isolation. 
Furthermore, although the evaluation result of the novel SC system is helpful in 
the improvement of the CO2 capture process, it still stays in the laboratory stage. 
Therefore, a pilot plant test should be carried out in the next work.  
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Fig. 1. Schematic of the cryogenic CO2 capture process based on SCs (     represents vacuum area). 
 
 
 
 
(a)                                             (b) 
Fig. 2. The structure and temperature distribution in the main freezing tower.  
 
 
Fig. 3. Structure of the experiment apparatus. 
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 (a)                                     (b) 
Fig. 4. Temperature variation in the cryogenic CO2 capture system with the conjunction of a vacuum 
pump (a) and without (b) a vacuum pump (Tsc-1= -60 °C; Tsc-2= -120 °C; Tsc-3= -90 °C). 
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(a)                                       (b) 
Fig. 5. The variation of energy consumption (EC) (a) and CO2 capture efficiency (η) (b) with the 
conjunction of a vacuum pump and without a vacuum pump(Tsc-1= -60 °C; Tsc-2= -120 °C; Tsc-3= -90 °C; 
νin=1.5 L/min). 
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(a)                                     (b) 
Fig. 6. Effect of idle operating time (h) of the system on energy consumption (MJ/kg CO2) (a) and CO2 
capture efficiency (%) (b) (Tsc-1= -60 °C; Tsc-2= -120 °C; Tsc-3= -90 °C; νin=2 L/min). 
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Fig. 7. Energy consumption (EC) at various temperatures (T) of SC-1 for different flow rates (ν). 
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Fig. 8. CO2 capture efficiency (η) at various temperatures (T) of SC-1 for different flow rates (ν). 
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Fig. 9. Energy consumption (EC) at various flow rates (ν) for different temperatures (T) of SC-1. 
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Fig. 10. CO2 capture efficiency (η) at various flow rates (ν) for different temperatures (T) of SC-1. 
Table 1  
Comparison of the capital investment, capture condition and performance among the dominant technologies a. 
 Amine absorption [33] Membrane [34] TSA b [21] The present work 
Capital investment (M$)     
Total direct investment 229.3 500 - 0.064 
Total allocated investment 119.7 200 - - 
Start up investment 15 25 - - 
Working capital 8.7 15 - - 
ν=1.0 L/min ν=1.5 L/min 
ν=2.0 L/min 
Total fixed capital 
 
442.7 740 - 0.07 
Capture condition     
Temperature (°C) - 30 20 25 
Flow rate (kg/s) 666 602 0.67 0.07 
Composition (vol.%)     
N2 86 87 90 87 
CO2 14 13 10 13 
H2O - - - - 
O2 
 
- - - - 
Capture performance     
CO2 productivity (kg CO2/h) 4.39×105 369×105 41.5 70.1 
Total costs ($/kg CO2) 0.055 0.121 - 0.052 
Total efficiency (% LHV) 35 35 - - 
Efficiency penalty (% LHV basis) 9 24 - - 
CO2 recovery (%) 88.3 90 81 85 
Energy penalty c  2.94 3.51  3.23  3.4  
a The base cases considered for amine absorption and membrane processes are simulated flue gas in 600MW power plants. 
The base cases of TSA and present work are simulated syngas in laboratory scale. 
b TSA is the thermal swing adsorption process. 
c The specific energy penalty of CO2 capture for amine and TSA processes is MJ thermal./kg CO2, and for membrane process 
and the present work is MJ electrical./kg CO2. 
 
